INTRODUCTION
Glutamic acid, as well as being essential for protein synthesis, is involved in energy production, movement of reducing equivalents, urea and glutathione synthesis (Meister, 1979) and is also a neurotransmitter. The plasma-membrane transport systems that operate to ensure adequate intracellular levels of glutamate have been much studied (for a review see Guidotti and Gazzola, 1992) . Three transport systems for glutamate have been described in fibroblasts (Dall'Asta et al., 1983) and hepatocytes (Gebhardt and Mecke, 1983 ): a Na+-independent system which also transports cystine (xc-), a low-affinity (Km 2-4 mM) Na+-dependent system which is also predominant in intestine (Wingrove and Kimmich, 1988) , and the Na+-dependent high-affinity (Km 2-50 ,uM) system, designated XAG- (Dall'Asta et al., 1983) . System XAG-is characterized by its stereospecificity for Lglutamate, but non-selectivity for aspartate, since both the Land D-isomers are transported. There is considerable heterogeneity in the high-affinity transporters (Ferkany and Coyle, 1986) , and this has been exemplified recently by the cloning of three Na+-dependent high-affinity glutamate transporters whose cDNA sequences are all unique (Kanai and Hediger, 1992; Pines et al., 1992; Storck et al., 1992) .
High-affinity Na+-dependent glutamate transport has been much studied in neuronal and glial tissue, kidney and liver. Glutamate is taken up avidly by glial cells to terminate the transmitter action of glutamate released by neurons (Brew and Attwell, 1987) . In the kidney, high-affinity glutamate transport is present in both the brush-border membrane and the basolateral membrane of the proximal tubule (Sacktor et al., 1981; Samarzija and Fromter, 1976) . In liver, the Na+-dependent high-affinity glutamate transport system is localized in the canalicular membrane (Ballatori et al., 1986) and located mainly in perivenous hepatocytes (Burger et al., 1989; Taylor and Rennie, 1987) . That portal glutamate is preferentially taken up by glutamine-synthesizing hepatocytes in the perivenous area of the liver was first demonstrated by Haussinger and Gerok (1983) , whose findings (Km 3.8 + 0.5 ,um). A probe was constructed to the high-affinity excitatory amino acid carrier (EAAC1) [Kanai and Hediger (1992) Nature (London) 360, 467-471]. The probe hybridized to a 3.5 kb transcript. On deprivation of amino acids, the level of EAAC1 mRNA decreased sharply before the measurable increase in transport levels, but was subsequently restored to control levels. A motif, which we propose is linked to amino acid deprivation, was found in the EAAC1 primary sequence.
suggested metabolic zonation of the glutamate transport system in the plasma membrane. Hepatocyte heterogeneity in Na+-independent glutamate uptake was also described by this group (Haussinger et al., 1989) .
Whole-animal studies have shown that glutamate transport is subject to regulation. An increase in Na+-dependent glutamate uptake was found by Low et al. (1992) in liver membrane vesicles from dexamethasone-treated rats. This group also found that streptozocin-diabetes led to an increase in Vmax for Na+-dependent glutamate transport in sinusoidal (but not bilecanalicular) rat liver membrane vesicles.
The use of tissue culture has enabled further studies on the regulation of glutamate transport. In cultured fibroblasts, the contribution of the various entry systems for glutamate has been studied (Dall'Asta et al., 1983) . This group concluded that increased cell density promoted uptake by system XAG-; however, deprivation of amino acids led to an increase in glutamate transport via increased Vm.. of System xc-. Using cultured rat hepatocytes, Gebhardt and Mecke (1983) , observed stimulation of Na+-dependent glutamate uptake after dexamethasone treatment, and they also found that Na+-dependent glutamate uptake increased spontaneously during cultivation.
Aspects of the regulation of amino acid transport in the bovine renal epithelial cell line NBL-1 have been previously characterized in this laboratory. Neutral amino acids are co-transported with Na+ ions via the broad-specificity System BO (Doyle and McGivan, 1992) . System A is absent from these cells, but emerges on amino acid starvation (Felipe et al., 1992) and is further induced by hyperosmotic shock after amino acid deprivation (Soler et al., 1993) . Adaptive regulation of system A by an increase in transport rate produced by amino acid starvation is of great physiological importance and has been conserved in this cell line (Felipe et al., 1992) . In this paper we characterize the glutamate transport system of NBL-1 cells and show that it is subject to regulation by amino acid starvation, in an analogous manner to System A.
MATERIALS AND METHODS Cell culture
The establishment and maintenance of the NBL-1 cell line has been described previously (Felipe et al., 1992) . After trypsin treatment of the contents of a 75 cm2 flask, cells were diluted to 80-90 ml in HAM's F-12 (GIBCO) supplemented medium, and 2 ml portions were seeded into 35 mm-diameter Petri dishes (30). These were fed every other day, and used in experiments typically after 4-6 days. Amino acid-free medium made up as described by Felipe et al. (1992) (pH 7.4) . Uptake was carried out at 20 'C. The uptake was terminated by washing (6 x 1 ml) with ice-cold 137 mM NaCl/10 mM Tris/Hepes, pH 7.4. Plates were drained and lysed by addition of Triton X-100 (0.5 ml; 0.5 %) for 30 min before sucking up and down with a 1 ml pipette tip. Samples (200,l) were added to scintillation fluid for counting of radioactivity. Protein was measured by the method of Bradford (1976) . Na+-independent transport was measured by replacing NaCl with 137 mM choline chloride in the transport medium.
EAAC1 probe construction
Primers were made (in house) to the amino acid sequence IIEVEDWEIF spanning amino acids [270] [271] [272] [273] [274] [275] [276] [277] [278] [279] and to YFNGGFAVDK spanning amino acids 503-512 of the published sequence of EAAC1 (Kanai and Hediger, 1992) . The forward primer was: removed, mixed with an equal volume of propan-2-ol and incubated for 30 min (-20°C). The RNA was pelleted (20 min, Microfuge) and resuspended in lysis buffer (300 ,ll). The RNA was precipitated again by addition of propan-2-ol (300 ll) and incubation (30 min, -20°C). The RNA was pelleted (20 min, Microfuge) and resuspended in 18 ,ul of water for RNA to be used in Northern-blot analysis or 100l1u of water for use in cDNA synthesis.
First-strand cONA synthesis First-strand cDNA synthesis was primed with random hexamers [as oligo(dT)priming failed to give the required product after PCR amplification]. Total RNA (2 ,tg, 10 1l) was denatured (10 min, 65°C) and added to the reaction mixture (total 40,l) for Moloney Murine reverse transcriptase catalysis as recommended by the manufacturer (Gibco-BRL).
PCR amplification
The template (first-strand cDNA; 4,u1) was added to the Taq DNA polymerase mixture (total 40 ,1) made up as recommended by the enzyme manufacturer (Boehringer Mannheim). Cycling (Thermal Reactor, Hybaid) was carried out at 94°C (5 min), 55°C (1 min), 72°C (2 min) for one cycle, followed by 30 cycles at 94°C (1 min), 55°C (1 min), 72°C (2 min). The single product (726 bp) was gel-purified (Qiaex procedure; Qiagen), blunt-ended with T4 DNA polymerase (Pharmacia) at 11°C for 20 min after treating with T4 polynucleotide kinase (Pharmacia) (60 min, 37°C). The PCR product was ligated (T4 DNA ligase, Pharmacia) into EcoRV-cut pBluescript (Stratagene). 
DNA sequencing

Northern analysis
The total RNA prepared as described above was denatured (15 min, 70°C) in formamide (Sambrook et al., 1989) . After rapid chilling on ice slurry, RNA sample buffer (7.5 ,1, as in The actin probe was made by radioisotope-labelling (as described above) a EcoRI-linearized plasmid (pAT153), containing part of the human actin sequence. Northern blots were either re-probed with the actin label or labelled at the same time as hybridization with the EAAC1 probe. Table 1 Amino acid inhibition of Na+-dependent L-aspartate transport
The uptake of 20uMM L-aspartate (in cells 5 days after trypsin treatment) was determined in the absence and presence of unlabelled amino acids at 1 mM, in both Na+-and cholinetransport medium. Data presented are Na+-dependent rates and are means+ S.E.M. of three determinations: **P < 0.001, *P < 0.05 versus control (by Student's t test). (0.12-50 ,uM) into control monolayers of NBL-1 cells was linear for at least 10 min and was stimulated in the presence of an inward gradient of Na+ (results not shown). Typical values for uptake at 5 ,M aspartate were 57.9 pmol/3 min per mg in the presence of Na+ and 5 pmol/3 min per mg in the absence of Na+; at 50 1sM aspartate, the corresponding rates were 117 pmol/3 min per mg and 17 pmol/3 min per mg. In all the experiments, the Na+-dependent rate was relatively very low.
In order to compare the glutamate/aspartate transport system operative in NBL-1 cells with those previously characterized in other cell types, a concentration-dependence study was carried out for glutamate transport (Figure 1) To establish the specificity of the glutamate/aspartate transporter in NBL-1 cells, the effect of various amino acids on the Na+-dependent rate of aspartate transport was determined and the results are presented in Table 1 . The order of inhibition was D-Aspartate > L-Glutamate > D-Glutamate, with no inhibitory effect seen with lysine, leucine or alanine. Since these findings suggest that the operative system in NBL-1 cells was similar to the well-characterized System XAG-, the rest of the experiments were performed with aspartate as substrate. The transaminase inhibitor amino-oxyacetate was included in the transport medium as a precaution against metabolism of labelled aspartate; however, over the 3 min during which transport was typically measured, the presence or absence of this inhibitor made no difference to the radioactivity measured.
Since glutamate/aspartate transport has been reported to be dependent on cell density (Dall'Asta et al., 1983), a time course of aspartate uptake was studied with freshly trypsin-treated cells (24 h) and monitored for 5 days (Figure 2) . Typically, experiments were performed 4-5 days after trypsin treatment when rates of transport were most consistent and Na+-dependent aspartate (20,M) uptake was between 40 and 60 pmol/3 min per mg. Continued incubation (7-8 days) of cells under these conditions led to a sharp increase in Na+-dependent aspartate uptake (results not shown), but this represented a post-confluent state.
When cells 4-5 days after trypsin treatment were deprived of amino acids for 12 h, it was found that Na+-dependent aspartate [Glutamatel (uM) 80 100 Figure 1 Glutamate uptake kinetics in NBL-1 cells Figure 3 Time course of the induction of Na+-dependent aspartate transport by monolayers of NBL-1 cells 5 days after trypsin treatment, in the presence or absence of cycloheximide NBL-1 cell monolayers were incubated in the presence or absence of amino acids with and without cycloheximide (8 jig/ml), for up to 30 h. The initial rate of L-aspartate (20 ,sM) transport was measured in the presence and absence of Na+ over 3 min. The values shown are of the Na+-dependent rate (the rate in the presence of Na+ minus that in the presence of choline). A, Rate for amino-acid-starved cells; *, rate for control fed cells; V, rate for aminoacid-starved cells plus cycloheximide (8 ,ug/ml). Results are means+S.E.M. of 3-6 different Petri-dish monolayers.
uptake was increased about 2-fold. The time course of aspartate (0.12-100 ,uM) uptake in starved cells remained linear over at least 10 min, and the Na+-independent rate was unaffected (results not shown). To characterize the starvation-enhanced aspartate uptake effect further, cells 4 days after trypsin treatment were switched to fresh control (fed) medium or amino-acid-free medium with and without cycloheximide. The initial rate of uptake of aspartate (20 uM) at intervals over 30 h is presented in Figure 3 . Deprivation of amino acids led to an increase in Na+-dependent aspartate uptake, from about 60 pmol/3 min per mg to about 120 pmol/3 min per mg, with an optimum between 11 and 20 h. Addition of cycloheximide prevented a sustainable increase in transport activity upon starvation, showing that the induction of the transport activity was a protein-synthesisdependent phenomenon.
The concentration-dependence of the amino-acid-starvationincreased aspartate transport activity was compared with the basal level in control cells (Figure 4) . The Km of the starvationenhanced Na+-dependent aspartate transport was similar to the basal value, at 3.8 + 0.5 #tM, but the Vmax. had almost doubled, to 203 + 6.0 pmol/3 min per mg. To determine the specificity of the starvation-enhanced Na+-dependent transporter, the rates of transport in 22 h-starved cells were measured in the presence of different amino acids at 1 mM. The results are presented in Table  2 . The specificity of the enhanced transporter is similar to the basal-level transport, with greatest inhibition by D-aspartate, followed by L-glutamate and much less inhibition by D-glutamate.
Some inhibition (12-28 %) is seen on addition of the other amino acids. The data suggest that it is the activity of the control (basal)-level Na+-dependent aspartate transporter which is increased upon starvation, and not synthesis of a novel transporter.
The increase in the activity of the Na+-dependent aspartate transporter upon starvation was preventable, wholly or in part, by the addition of single amino acids (at 0.5 mM) to the starvation medium. The results are presented in Table 3 . Greatest inhibition of the onset of the starvation effect was seen on inclusion of Daspartate (the most specific amino acid for System XAG-) followed by L-glutamate and L-aspartate. D-Glutamate, glutamine and alanine also significantly inhibited induction. Figure 5 . The amino acid sequence was found to be identical with that published for EAAC1 (Kanai and Hediger, 1992) .
The EAAC1 probe, constructed as above, hybridized to a transcript of 3.5 kb from NBL-1 total RNA. The tissue distribution of EAAC1 determined by Kanai and Hediger (1992) revealed that superficial kidney cortex contains primarily a 3.5 kb transcript. To determine whether there were any changes to the level of the EAACl-hybridizing transcript during starvation, NBL-1 cultures 4 days after trypsin treatment were starved, and some were used to monitor the onset ofthe starvation effect on transport (Figure 6a ), and others were used for total RNA extraction. Northern-blot analysis, hybridizing with the probe to EAAC 1, was carried out, and the result of a typical blot is presented in Figure 6 (b). The autoradiograph was scanned, the areas under the actin and EAAC1 peaks were measured, and the ratios of the two areas at different time points are presented in Figure 6 (c). The confirmed. .::
